We investigated neutron irradiation effects on monolayer MoS 2 by photoluminescence (PL), Raman and X-ray photoelectron spectroscopy. Results revealed that Mo and S defects and oxidation replacements of S vacancies were generated by neutron irradiation, leading to the red-shifts and broadenings of the E 1 2g and A 1g Raman modes, as well as the red-shift of the A-exciton peak and quenching in the PL spectra. The relative atomic content ratio of S to Mo decreased with the increase of neutron flux, indicating that the neutron irradiation assisted in the release of S atoms.
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As the most common transition metal dichalcogenide, MoS 2 has attracted extensive attention due to its distinctive band structure, 1) semiconducting 2) or superconducting 3) properties, and outstanding mechanical capabilities. 4) It is well known that radiation can change the electronic structures or create defects in two-dimensional materials (2DMs) and further affect their electronic and optical performance. 5) Tolerance to radiation and accompanying defect engineering are important considerations for the application of MoS 2 devices (e.g., as ultrathin transistors 6) and chemical sensors 7) ) in nuclear and space environments. Recently, the effects of ion irradiation, 8, 9) laser irradiation, [10] [11] [12] and gamma-ray irradiation 13) on MoS 2 have been discussed. However, studies on neutron irradiation, [14] [15] [16] one of the most common types of irradiation, and the damage it causes to MoS 2 are still lacking. 5) Investigation of neutron effects can help in understanding the behaviors of MoS 2 devices used in nuclear and space environments and promote other fundamental researches such as those on neutron scattering. 17) A neutron is an uncharged elemental particle; it is not affected by the electric field around the nucleus. Neutrons with energies from 0.1 to 200 MeV are the most common radiation in space environments. The neutron source we use has an average energy of 1.2 MeV which is approximate to the space neutron energy spectrum. These fast neutrons do not directly cause the ionization and excitation of atoms as charged particles do, but create defects in materials by primary collision 5, 18) and cascading scattering events. 19) Because 2DMs are of monolayer or multilayer atomic thickness, most of the neutrons directly penetrate through 2DMs into the substrates; only a few neutrons induce elastic scatterings 19) (collisions) in the 2DMs. These elastic scatterings induce displacements of atoms from the lattice sites and create recoil atoms.
18) The recoil atoms and the penetrating neutrons mainly cause cascading scatterings inside the substrates. Therefore for 2DMs we can omit the cascading scatterings and only consider the displacements and ionization generated by the primary collision of neutrons. 5) What is more, due to their small size and electric neutrality, neutrons are very unlikely to create defects larger than a single vacancy compared with ion irradiation. Instead, they are expected to generate point defects with quasi-homogeneous distribution. 18) These defects including their evolution process have crucial impacts on the electrical and optical features of MoS 2 materials and devices. To the best of our knowledge, this work is the first to investigate the defects and disorders of monolayer MoS 2 generated by fast-neutron irradiation. We conducted studies with photoluminescence (PL), Raman spectra and X-ray photoelectron spectroscopy (XPS). The results provide important information and facilitate a deeper understanding of MoS 2 performance under extreme conditions.
For the preparation of monolayer MoS 2 , there are two typical methods: physical stripping and CVD growth. Here we use our previous CVD method 20) which produces largearea, high-quality monolayers and heterostructures. 21, 22) MoS 2 was synthesized at a temperature of 830°C on a sapphire substrate. A molybdenum oxide precursor was loaded into the center of a furnace and placed under the substrate. S powder in a separate vessel was located upstream with a heating belt system. CVD was performed under atmospheric pressure with an Ar flow rate of 500 sccm. After a 20 min reaction, the furnace was naturally cooled down to room temperature. Figure 1 (a) shows an optical image of the CVD-grown MoS 2 . The thicknesses of the samples were measured in AC air topography mode under an Asylum Research MFP-3D atomic force microscope (AFM), as shown in Fig. 1(b) . The measured heights of the samples were about 1 nm, indicating a single-layer feature. 23, 24) Besides, Raman and PL spectra were obtained with a WITec alpha300 R confocal Raman microscope with a laser wavelength of 532 nm, as shown in Fig. 1(c) . The two Raman peaks around 385.5 and 405.8 cm −1 correspond to the inplane E 1 2g and out-of-plane A 1g modes of the monolayer MoS 2 . The position difference (Δ) is about 20.8 cm −1 , further confirming the monolayer thickness of the sample. 23) In addition, a single narrow PL peak around 1.874 eV (667 nm) corresponds to the A direct excitonic transition of monolayer MoS 2 . 1, 25) The spatial dependences of the Raman and PL peak intensity mappings are shown in Figure 2(b) shows the normalized PL spectra of the four tested samples over the amplitude of the sapphire substrate peak at 1.79 eV 26) with different neutron fluxes. In order to reduce the randomness of the single-point PL spectra, PL mappings with A-exciton (X O,A ) peak intensity were obtained as shown in Fig. 2(a) . Both figures indicate that X O,A peak intensity drastically decreased with stronger neutron flux. In addition, by comparing the PL intensity mappings of the pristine monolayer MoS 2 sample with those of the irradiated samples, a significant PL peak intensity reduction with increasing neutron flux was observed. Compared to the X O,A peak, the intensity of the B-exciton (X O,B ) changed only slightly with the increase of neutron flux. Eventually, this led to obvious double peaks as shown in Fig. 2(b) , and the contribution of the X O,B peak gradually went up with the increase of neutron flux as shown in Fig. 2(c) . With even higher neutron flux, the monolayer MoS 2 sample structure was destroyed, the peaks of X O,A and X O,B vanished and the contributions tended towards 50%.
Besides the PL intensity, there were red-shifts of the X O,A peaks as shown in Fig. 2(b) . The red-shifts could have been induced by many factors, such as the layer number, 1) S and Mo vacancies, 27, 28) adjoining parallel S vacancy lines (SVLs) 29) and the replacement of S atoms by O atoms.
30)
The PL and Raman characteristics of the MoS 2 segments before neutron irradiation rule out the possibility of a multilayer structure. S and Mo vacancies can introduce defect states and lead to a transition from a direct to an indirect bandgap. Meanwhile, the indirect bandgaps were lower than the original direct bandgap. 28) These can well explain the observed red-shift of X O,A and PL quenching. Although the band structures of SVLs with different widths also manifest lower bandgaps, 29) they are direct bandgaps which will not cause PL quenching. So the possibility of SVLs is eliminated. The replacement of S atoms by O atoms can change the band states from a direct to an indirect bandgap structure, 30) which could have also occurred. To further prove this point, we tested the Raman characteristics of the four segments of the sample after neutron irradiation and the calculated Raman spectra of defective MoS 2 according to Ref. 9 are shown in Fig. 3 . The peak widths of the E 1 2g mode and A 1g mode show significant broadening of the B, C, and D segments. For neutron flux of 1.5 × 10 13 n cm −2 , the FWHM of the A 1g mode broadens from 4 to 18 cm −1 . This phenomenon was also observed in single-layer MoS 2 via O plasma treatment, 30) which may have resulted from O defect sites 31) and lattice disorder in MoS 2 . Besides, red-shifts of the peak positions of E 1 2g and A 1g are observed, and the peak positions of E 1 2g and A 1g are close to the peak positions of the calculated Raman spectra of defective MoS 2 with Mo vacancies, indicating the formation of Mo vacancies. The peak around 440-460 cm −1 is a fingerprint of the formation of S vacancies. 9) Since neutron volume is much lower than that of ion (such as in Ar ion irradiation), the probability of cascading scattering events in monolayer MoS 2 is low; then the creation of MoS 6 vacancies could be ignored.
9,32) Therefore, we can conclude that for neutron irradiation, the defects of monolayer MoS 2 are dominated by atomic defects (S and Mo vacancies) and O defect sites.
To investigate the chemical states of Mo and S vacancies on the surface of the sample, we conducted XPS by a Thermo Scientific TM ESCALAB TM Xi + with an X-ray spot size of 400 μm. The XPS spectra were calibrated by the C 1s peak located at 284.5 eV. 33) Figure 4 (a) illustrates the peaks of the sapphire substrate which included 553.2 eV (O loss), 531.1 eV (O 1s), 117.9 eV (Al 2s), 103.7 eV (Al loss), and 73.1 eV (Al 2p). The scan spectra were fitted by Thermo Avantage software using the Powell optimization algorithms and Gaussian-Lorentzian functions. As shown in Fig. 4(b) , the Mo 3d 3/2 and Mo 3d 5/2 peaks moved to lower binding energy with stronger neutron flux, and a MoO 3 peak at 235.5 eV was observed, indicating the formation of a Mo 6+ oxidation state. The MoO 3 peak appearing at 1.0 × 10 14 n cm −2 illustrates the S atoms were moved out of the lattice due to the neutron irradiation, and the oxidation took the place of the S vacancies. 30 ,34) Moreover, we observed the red-shift of the S 2p 1/2 and S 2p 3/2 XPS peaks; these evolutions of the Mo 3d peaks and S 2p peaks under neutron irradiation are similar to chloride ion bombardment, 35) further indicating a Mo 4+ oxidation state. It is worth noting that neutron irradiation leads to material activation 36) and radioactivity. Under considerations of safety, the samples were taken out a week after the radiation experiments to ensure their radioactivity had reduced to safe dose levels. In order to exclude the influence of natural oxidation, all four samples were characterized after the same waiting period and in the same characterization period. We also observed a new peak at 153 eV (Si 2s) after neutron irradiation as illustrated in Fig. 4(a) , which was caused by a transmutation-produced Si impurity from the fast-neutron reaction with Al. 37) In addition, the relative atomic content ratio of S to Mo (S:Mo) decreased with higher neutron flux, which can be seen in Fig. 4(d) . However, the displacement cross-section 38, 39) ratio of S to Mo was 3:4; this means the collision probability between Mo atoms and neutrons was larger than that between S atoms and neutrons, and the ratio went up with an increasing flux of neutrons. We attribute the decrease of the ratio to the release of S atoms, such as simple gases (SO 2 , 30,34) H 2 S 40) ) and volatile species. 41) The displaced Mo atoms remained on the surface of the samples by oxidation or other means, as shown in Fig. 5 . Neutron irradiation produced a number of S and Mo vacancies in an extremely short period, and oxidation products of the displaced S and Mo atoms were generated accordingly. This process is different from oxygen substitution under ambient conditions, 42) and accelerates the degradation of 2DM performance.
In conclusion, we investigated the neutron irradiation effects on monolayer MoS 2 . The features of the PL spectra, Raman spectra and XPS of monolayer MoS 2 irradiated with fast neutrons were carefully interpreted. In the PL spectra, the A-exciton (X O,A ) peak showed a red-shift and its intensity significantly decreased with an increasing flux of neutrons, which was caused by S and Mo vacancies, and by the oxidation replacement of the S vacancies. The Raman results exhibited red-shifts and broadenings of the E 1 2g mode and A 1g mode which also proved the formation of S and Mo vacancies. The shiftings of the Mo 3d peaks and S 2p peaks, and the appearance of a MoO 3 peak in the XPS spectra confirmed the oxidation took the place of the S vacancies. These results provide a basis for a fundamental understanding of the optical properties of MoS 2 under neutron irradiation, and supply supporting information for the development and evaluation of radiation-hardened MoS 2 -based devices. 
